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Abstract 

Rancieite-type  manganese  oxide  is  synthesized  by  a  mechanochemical  method  and  its  electrochemical  characteristics  as  a  cathode 
material  for  lithium  secondary  batteries  are  examined.  The  discharge  capacity  increases  with  milling  time  up  to  45  h  with  a  maximum 
of  274  mAh  g_1 .  Further  increase  in  milling  time  causes  a  decrease  in  capacity  due  to  a  phase  transformation.  Lithium  insertion  into  the 
rancieite-type  manganese  cathode  is  composed  of  two  processes,  one  between  2.0  and  4.0  V  and  the  other  between  1.5  and  2.0  V.  The 
former  is  due  to  the  reduction  of  Mn4+  to  Mn3+ ,  while  the  latter  is  due  to  the  reduction  of  Mn3+  to  Mn2+ .  These  processes  are  identified 
by  X-ray  absorption  spectra.  The  specific  capacity  of  the  rancieite-type  manganese  oxide  shows  good  cycleability  without  transition  to  a 
spinel-like  structure. 
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1.  Introduction 

With  increasing  demand  for  potable  power  sources  for 
electronic  equipment,  research  efforts  have  been  made 
world-wide  over  the  past  decade  for  lithium-ion  recharge¬ 
able  batteries  of  higher  capacity.  Use  of  lithium-ion  batteries 
for  high-power  applications  requires  a  high  performance 
cathode  material.  In  this  regard,  among  the  many  possible 
oxides  of  the  three-dimensional  (3D)  transition  metals,  at¬ 
tention  has  focused  on  manganese  oxides  candidates  for 
lithium  intercalation  cathode  materials.  This  because  such 
oxides  are  more  abundant,  less  expensive  and  more  environ¬ 
mentally  friendly  than  the  cobalt  oxide  which  is  presently 
used  in  commercial  lithium  batteries.  Many  studies  have 
been  carried  out  on  crystalline  lithium  manganese  oxides, 
such  as  those  with  a  spinel  structure  (LiM^CU)  and  those 
with  a  layered  structure  (LiMnCU)  [1—4]. 

Lithium  insertion  into  manganese  oxide  based  materials 
is  accompanied  by  complicated  phase  transitions  and  irre¬ 
versible  structural  changes  upon  cycling  which  lead  to  se¬ 
vere  capacity  loss  [5-8].  Various  research  attempts  have  been 
performed,  not  only  to  develop  new  types  of  manganese  ox¬ 
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ide  based  compounds  but  also  to  improve  their  electrochem¬ 
ical  properties  [9-14].  Among  the  various  manganese  ox¬ 
ides,  layered  manganese  oxides  have  attracted  much  atten¬ 
tion  because  they  have  a  higher  initial  specific  capacity  and 
provide  a  two-dimensional  interstitial  space  that  allows  fast 
kinetics  for  intercalation/de-intercalation  of  lithium  without 
major  structural  modifications  [15-17], 

A  mechanochemical  technique  has  been  applied  to  syn¬ 
thesize  powders  to  be  used  as  electrode  materials,  since  it 
provides  a  wide  range  of  material  compositions  which  are 
difficult  to  be  prepared  by  other  methods,  as  well  as  im¬ 
proved  cell  reversibility  and  capacity  [18-21]. 

In  this  paper,  rancieited-type  layered  manganese  oxide  is 
prepared  by  mechanochemical  synthesis.  The  electrochem¬ 
ical  properties  of  the  oxide  are  investigated  by  means  of 
electrochemical  methods  and  soft  X-ray  absorption  spec¬ 
troscopy  to  examine  the  electronic  structural  change  during 
lithium  interc  alation/de-interc  alation. 

2.  Experimental 

Rancieite-type  manganese  oxide  was  synthesized  as  fol¬ 
lows.  Reagent  grade  NaMnO+FDO  (>97%;  Aldrich)  was 
dried  in  vacuum  at  120  °C  for  2h  to  remove  residual  or 
adsorbed  water,  and  was  then  mixed  with  sulfur  (99.98%; 
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Aldrich)  as  a  reducing  agent  and  NaCl  as  a  process  con¬ 
trol  agent.  The  blended  powders  were  milled  under  an 
argon  atmosphere  using  a  vibratory  mill  with  a  hardened 
steel  vial  of  80  cm3  capacity.  The  ball-to-powder  ratio  was 
20: 1 .  The  powders  were  washed  several  times  with  distilled 
water  to  remove  the  Na2S04  formed  during  the  milling 
process,  followed  by  drying  in  vacuum  at  150  °C  for  12  h. 
Samples  were  identified  and  characterized  with  an  X-ray 
diffractrometer  (MacScience,  MXP18A-HF)  and  a  scanning 
electron  microscope  (JEOL,  JSM-T200).  Thermogravimet- 
ric  analysis  (TGA)  of  the  sample  was  performed  under 
a  nitrogen  atmosphere  from  room  temperature  to  800  °C 
at  10°C/min.  The  amounts  of  Na  and  Mn  in  the  oxide 
were  analyzed  using  ICP-atomic  emission  spectroscopy. 
Finally,  the  average  degree  of  oxidation  of  manganese 
ion  within  the  oxide  was  determined  by  chemical  titration 
[11]. 

The  product  was  mixed  with  20wt.%  carbon  (Super-P) 
as  a  conductor  and  8  wt.%  polytetrafluoroethylene  (pvdf)  as 
a  binder.  Coin-type  cells  were  assembled  in  an  argon-filled 
glove  box  using  Celgard  2400  as  a  separator,  1  M  LiPF6, 
ethylene  carbonate  (EC)/diethyl  carbonate  (DEC)  (1:1  (v/v); 
Merck)  as  an  electrolyte,  and  Li  foil  as  counter  and  reference 
electrodes.  All  cells  were  tested  galvanostatically  between 
1.5  and  4.0  V  versus  Li/Li+. 


The  manganese  L-edge  and  oxygen  K-edge  X-ray  absorp¬ 
tion  spectra  were  obtained  with  the  samples  at  each  speci¬ 
fied  electrochemical  condition.  The  measurements  were  per¬ 
formed  on  a  U7  beamline  at  a  storage  ring  of  2.5  GeV  with 
a  ring  current  of  120-160  mA  at  the  Pohang  Light  Source 
in  Korea. 


3.  Results  and  discussion 

X-ray  diffraction  patterns  of  samples  after  different 
milling  times  are  shown  in  Fig.  1.  After  6h  of  milling 
(Fig.  1(b)),  Mri304  is  a  major  phase,  and  transforms 
into  Mn2©3  after  12  h  of  milling  (Fig.  1(c)),  although 
rancieite-type  manganese  oxide  is  clearly  visible  in  both 
cases.  The  product  after  24  h  of  milling,  as  shown  in 
Fig.  1(d),  is  layered  rancieite-type  manganese  oxide 
with  an  interlayer  distance  of  7.51  A  similar  to  that  of 
naturally-occurring  birnessites.  As  milling  time  increases 
further,  the  phase  remains  the  same,  while  longer  milling 
time  leads  to  a  better  crystallization  of  the  product  [18].  The 
product  shows  a  larger  (00  1)  ‘ d ’  spacing  than  that  (7.42  A) 
reported  by  Tsuji  et  al.  [22].  Apparently  this  is  because  a 
larger  cation,  Na+,  lies  in  the  interlayer  space  instead  of 
the  smaller  H+  cation.  Also,  in  Fig.  1,  X-ray  diffraction 
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Fig.  1.  XRD  patterns  of  samples  synthesized  by  a  mechanochemical  method  as  function  of  milling  time,  (a)  NaMnC>4,  (b)  6h,  (c)  12  h,  (d)  24-60  h. 
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Fig.  2.  Scanning  electron  micrograph  of  45-RTMO. 


differential. 


T  em  perature(  C) 


Fig.  3.  (a)  TGA-curve  of  45-RTMO,  (b  and  c)  XRD  patterns  of  annealed  samples. 
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patterns  demonstrate  a  progressive  increase  of  the  oxidation 
state  of  manganese,  as  well  as  a  modification  of  the  oxide 
stoichiometry,  with  milling  time. 

Since  rancieite-type  manganese  oxide  synthesized  ini¬ 
tially  contains  Na+  in  the  interlayer,  Na+  ions  are  extracted 
electrochemically  first  from  the  lattice  to  increase  Li  uptake 
for  cycling  experiments.  This  is  discussed  later  in  detail. 
The  first  electrochemical  discharge  capacity  (Li  insertion) 
of  rancieite-type  manganese  oxide  was  measured  as  a  func¬ 
tion  of  milling  time.  The  data  were  obtained  with  a  current 
density  of  5mAg-1  between  1.5  and  4.0  V.  The  specific  ca¬ 
pacities  of  rancieite-type  manganese  oxide  with  24,  30  and 
45  h  of  milling  time  were  218,  235  and  274  mAhg-1,  re¬ 
spectively.  As  the  milling  time  increases,  the  first  discharge 
specific  capacity  increases  to  a  maximum  of  274  mAh  g~  1 . 
This  is  probably  due  to  an  increase  in  crystallinity  of  the 
rancieite-type  oxide  material,  as  shown  in  Fig.  1(d).  By  con¬ 
trast,  the  capacity  of  manganese  oxide  after  60  h  of  milling 
time  decreases  to  173  mAhg-1  since  the  occurrence  of  the 
Mn203  phase  leads  to  a  decrease  in  capacity.  Thus,  all  the 
following  analyses  were  performed  with  rancieite-type  man¬ 
ganese  oxide  after  45  h  of  milling  (termed:  45-RTMO),  since 
it  displays  a  better  electrochemical  behaviour  than  the  others. 

A  scanning  electron  micrograph  of  45-RTMO  is  presented 
in  Fig.  2  and  shows  highly  agglomerated  particles  with 
a  particle  size  of  less  than  1  |xm.  The  thermal  properties 
of  45-RTMO  were  investigated  by  thermogravimetry  (TG) 
measurements,  as  shown  in  Fig.  3(a).  The  weight  loss  is 
rather  fast  up  to  250  °C  due  to  evaporation  of  water,  but 
then  slows  down.  Above  450  °C,  45-RTMO  undergoes  phase 
transformation  by  thermal  decomposition  as  follows: 

MnO-y  ^Mn203  +  (j  -  02  (1) 

Therefore,  it  can  be  seen  that  before  450  °C,  the  con¬ 
tinuous  weight  loss  is  due  to  the  removal  of  H20  from 
the  surface  and  interlayer,  and  the  weight  loss  of  2wt.% 


above  450  °C  may  result  from  the  loss  of  oxygen  due  to 
reaction  (1).  As  shown  in  Fig.  3(b)  and  (c),  the  phase  of 
45-RTMO  annealed  at  450  °C  remains  the  same,  but  the 
sample  annealed  at  550  °C  is  transformed  into  Mn203.  Ele¬ 
mental  analyses  show  that  the  stoichiometry  of  45-RTMO  is 
Nao.2iMn02.o4-0.57H20  and  the  average  oxidation  number 
of  manganese  ion  is  3.87. 

The  discharge  capacity  after  charging  with  5mAg-1  is 
higher  than  that  after  discharging  first,  see  Fig.  4.  This  is 
because  de-intercalation  of  Na+  occurs  as  mentioned  previ¬ 
ously.  Theoretically,  this  reaction  corresponds  to  an  oxida¬ 
tion  of  Mn3  87+  cation  to  Mn4  08+.  The  charge  capacity  ob¬ 
tained  with  45-RTMO  up  to  4.0  V  is  equivalent  to  0.22  Li  per 
Mn  (57.691  mAhg-1)  which  is  close  to  the  theoretical  value 
of  0.21  Li  (extracted  0.21  Na+)  per  Mn  (54.629 mAhg-1). 
As  a  result,  Na+  de-intercalation  occurs  during  initial  charge 
and  leads  to  an  increase  in  the  subsequent  discharge  capacity. 

Energy  dispersive  analysis  by  X-ray  (EDAX)  shows  no 
sign  of  Na  in  the  manganese  oxide  exists  on  the  next  dis- 


Fig.  5.  Voltage  profiles  for  first  discharge  step  of  45-RTMO  between  1.5 
and  4.0  V  as  function  of  current  density. 
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Fig.  6.  Differential  capacity  plots  for  first  discharge  step  of  45-RTMO  as  function  of  current  density. 


charge.  It  may  therefore  be  assumed  reasonably  that  the 
next  discharge  corresponds  to  Li  intercalation  within  the 
structure.  Therefore,  all  electrochemical  tests  have  been  per¬ 
formed  after  initial  charging  up  to  4.0  V  [15,23,24]. 

Voltage  profiles  for  the  first  discharge  step  from  4.0  to 
1.5  V  of  45-RTMO  at  four  different  current  densities  are 
given  in  Fig.  5.  45-RTMO  at  a  low  current  of  5  mA  g  1  ex¬ 
hibits  an  extremely  high  specific  capacity  of  274  mAh  g^1, 
which  corresponds  to  an  insertion  of  0.97  Li  per  Mn.  The 
higher  current  rate,  the  lower  is  the  discharge  capacity.  This 
is  probably  due  to  diffusion  limitations.  All  the  electrochem¬ 


ical  discharge  curves  show  no  distinct  plateaux,  which  in¬ 
dicates  the  characteristic  of  a  topotactic  single-phase  reac¬ 
tion.  In  addition,  the  smooth  discharge  curve  with  a  uniform 
slope  may  provide  the  advantage  of  avoiding  problems  that 
may  occur  with  overdischarging  or  overcharging  [9]. 

Differential  capacity  plots  of  the  first  discharge  process 
at  various  current  densities  between  1.5  and  4.0  V  are  pre¬ 
sented  in  Fig.  6.  These  curves  show  two  main  processes,  one 
between  2.5  and  2.8  V  and  the  other  between  1.5  and  1.8  V. 
Characterization  of  this  differential  capacity  plot  will  be  ad¬ 
dressed  in  the  following  discussion,  together  with  the  X-ray 


Photon  Energy  (eV) 


Fig.  7.  (a)  Mn  Lm  and  Ln-edge  XAS  spectra  and  (b)  O  K-edge  XAS  spectra  of  45-RTMO  during  first  cycle. 
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Table  1 

Composition  of  energies  of  Mn  Lm-edge  peaks  (A,  B,  C)  in  45-RTMO 
measured  in  this  study  and  in  [28] 


This  work 

[28] 

Peak 

position 

Manganese 

Lm  peak  (eV) 

Manganese 

oxides 

Manganese 

Lm  peak  (eV) 

A 

639.1 

MnO  (Mn2+) 

639.0 

B 

639.7 

Mn203  (Mn3+) 

639.6 

C 

642.1 

MnCb  (Mn4+) 

642.1 

absorption  spectroscopy  (XAS)  data  obtained  at  a  current 
density  of  20  mA  g- 1 . 

The  electronic  structure  of  manganese  ion  in  45-RTMO 
during  lithium  intercalation/de-intercalation  have  been  in¬ 
vestigated  qualitatively  with  peak  features  of  Mn  Ln,m-edge 
X-ray  absorption  spectroscopy,  because  the  peak  shapes 
and  chemical  shifts  are  very  sensitive  probe  of  the  oxida¬ 
tion  state,  spin  state,  and  bond  covalency  [25,26].  The  Mn 
Lni  and  Ln-edge  XAS  spectra  of  45-RTMO  are  shown  in 
Fig.  7(a)  with  respect  to  discharge-charge  voltage  during 
the  first  cycle.  The  Mn  absorption  peak  near  638-644  eV 
relates  to  the  2p3/2  (Lm)  edge  and  that  near  650-654  eV 
to  the  2pi/2  (Ln)  edge  peak.  The  spectral  line  shapes  of 
the  Mn  Lm-edge  of  45-RTMO  charged  initially  to  4.0  V 
are  complicated  by  the  presence  of  various  oxidation  states 
of  manganese  ions  (Fig.  7(a)).  As  shown  in  Table  1,  the 
positions  A,  B  and  C  of  the  complicated  peaks  of  Lm-edge 
features  are  in  a  good  agreement  with  those  of  the  Mn  ion  in 
different  oxidation  states  obtained  by  Paterson  and  Krivanek 
[27].  In  this  case,  the  A,  B  and  C  peaks  correspond  to  the 
main  peaks  in  Mn2+,  Mn3+  and  Mn4+,  respectively.  With 
Li-intercalation  from  4.0  to  2.0  V,  the  relative  intensities 
of  the  A  and  B  peaks  increase,  while  the  relative  intensity 
of  C  peak  decreases.  With  intercalation  from  2.0  to  1.5  V, 
however,  the  intensity  of  peak  A  increases,  but  the  relative 
intensities  of  peaks  B  and  C  decreases.  The  variation  of 


peak  intensity  with  electrochemical  discharge  can  be  ex¬ 
plained  in  terms  of  two  main  processes  of  Li-intercalation, 
a  shown  in  differential  capacity  plots  (Fig.  6).  The  process 
for  Li-intercalation  from  4.0  to  2.0  V  is  due  to  the  reduction 
of  Mn4+  to  Mn34,  while  the  process  for  Li-intercalation 
from  2.0  to  1.5V  involves  reduction  of  Mn3+  to  Mn24, 
which  is  consistent  with  the  data  reported  by  Leroux  et  al. 
[15].  The  relative  intensities  of  peaks  A,  B  and  C  become 
almost  the  same  as  the  initial  peak  (bottom  spectra)  upon 
charging  to  4.0  V,  which  indicates  that  the  charge-discharge 
process  is  fairly  reversible. 

The  O  K-edge  XAS  of  45-RTMO  with  respect  to  the  de¬ 
gree  of  Li-ion  intercalation  is  given  in  Fig.  7(b).  The  spec¬ 
trum  of  45-RMTO  charged  to  4.0  V  presents  relatively  sharp, 
doublet  peaks  a  at  529  eV,  and  b  at  531  eV  and  a  broad 
and  higher  energy  peak  c  over  536  eV.  Peaks  a  and  b  cor¬ 
respond  to  the  transition  of  the  oxygen  Is  electron  to  the 
hybridized  states  of  the  Mn  3d  (2t2g  and  3e(,)  orbital  and  the 
oxygen  2p  orbital,  whereas  peak  c  involves  transition  to  the 
hybridized  states  of  Mn  4sp  and  oxygen  2p  orbitals  [28,29]. 
The  relative  intensities  of  peaks  a  and  b  weaken  gradually 
with  Li-intercalation  from  4.0  to  1.5  V.  The  reappearance  of 
these  peaks  is  shown  upon  charging  to  4.0  V.  Consequently, 
the  weakening  of  the  intensities  of  peaks  a  and  b  reflects  an 
increase  of  3d  electrons  and  a  decrease  in  the  manganese 
oxidation  state,  as  discussed  above. 

From  the  differential  capacity  plots  (Fig.  6)  and 
XAS  spectra  (Fig.  7),  it  is  found  that  the  process  for 
Li-intercalation  from  2.0  to  1.5  V,  which  involves  reduction 
of  Mn34  to  Mn24,  is  highly  sensitive  to  the  current  applied. 
As  shown  in  Fig.  6,  the  intensity  of  the  discharge  peak  at 
2.7  V,  where  the  reduction  of  Mn4+  to  Mn3+  occurs,  hardly 
changes  with  the  current  density.  By  contrast,  it  decreases  as 
the  current  density  increases  during  the  reduction  of  Mn34 
to  Mn24  near  1 .7  V.  Therefore,  the  reduction  of  Mn34  to 
Mn24  appears  relatively  difficult  at  higher  current  density 
due  to  diffusion  limitations  which  lead  to  a  lower  capacity. 
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Fig.  8.  Cycle  performance  of  45-RTMO  between  1.5  and  4.0  V  as  function  of  current  density. 
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Capacity  (mAh/g) 

Fig.  9.  Discharge  voltage  profiles  for  1st,  10th,  20th,  and  30th  cycles  of 
45-RTMO  at  20mAg_l  between  1.5  and  4.0  V. 

The  cycling  behaviour  of  45-RTMO  at  various  current 
densities  between  1.5  and  4.0  V  is  given  in  Fig.  8.  At  the 
lowest  current  density  of  5mAg_1,  the  capacity  decreases 
rapidly  as  has  been  found  with  most  layered  manganese  ox¬ 
ides.  At  a  current  density  of  20  mA  g~ 1 ,  however,  45-RTMO 
demonstrates  good  capacity  retention.  Although  the  initial 
capacity  is  lower  at  20mAg_1,  45-RTMO  good  cycleabil- 
ity  without  severe  fading  of  capacity  for  at  least  30  cycles 
(about  81%  of  initial  capacity). 

As  reported  earlier  [5,8],  the  capacity  loss  in  layered  man¬ 
ganese  oxide  is  attributed  partly  to  a  diffusion  of  manganese 
from  the  Mn  occupancy  to  the  Li  tetrahedral  layer  during 
cycling,  which  leads  to  spinel  or  spinel-like  phases.  Upon 
repeated  cycling,  however,  the  voltage  profile  of  45-RTMO 
at  20mAg_1  (Fig.  9)  does  not  show  any  tendency  to  evolve 
the  4  or  3  V  plateaux  which  would  represent  a  transition  to  a 
spinel  or  spinel-like  phase.  Therefore,  for  charge-discharge 


Fig.  10.  Mn  Lin  and  Ln-edge  XAS  spectra  of  45-RTMO  charged  to  4.0  V 
as  function  of  cycle  number. 


cycling  of  45-RTMO  at  20  mA  g  ,  such  transition  is  absent 
and  structural  modification  due  to  the  intercalation  of  Li  is 
less  severe  than  that  at  a  lower  current  rate. 

The  above  conclusion  is  confirmed  by  the  Mn  Lm  and 
Ln-edge  XAS  spectra  with  respect  to  cycling  (Fig.  10).  Upon 
cycling,  the  relative  intensity  of  peak  A  increases  continu¬ 
ously  while  that  of  peak  C  decreases  gradually.  Peak  B  re¬ 
mains  mostly  unaffected  by  Li  intercalation  /de-intercalation 
process.  The  overall  spectra  of  the  Mn  Lm  and  Ln-edge 
have  similar  multiplet  oxidation  states  with  three  apprecia¬ 
ble  peaks,  and  have  a  similar  separation  width  between  Lm 
and  Ln-edge  in  spite  of  cycling.  Thus,  upon  repeated  cy¬ 
cling,  although  the  slight  capacity  fading  attributes  to  a  small 
irreversible  part  of  the  reduction  of  Mn3+  to  Mn2+,  the  ex¬ 
istence  of  Mn3+  and  Mn4+  ions  leads  to  improved  capacity 
retention  for  at  least  30  cycles.  In  addition,  this  indicates  that 
a  45-RTMO  cathode  cycled  at  high  current  density  smoothly 
accommodates  the  distortion  without  producing  a  macro¬ 
scopic  phase  transition,  which  leads  good  capacity  retention. 


4.  Conclusions 

Rancieite-type  manganese  oxide  has  been  synthesized 
using  a  mechanochemical  method  to  be  used  as  a  cath¬ 
ode  material  for  a  lithium  rechargeable  battery.  Powders 
produced  after  45  h  of  milling  show  a  high  specific  ca¬ 
pacity  of  274  mAh  g  1  on  discharging  at  a  current  density 
of  5mAg-1  between  1.5  and  4.0  V.  Although  discharging 
at  high  current  density  (20mAg_1)  presents  a  lower  spe¬ 
cific  capacity  of  194mAhg_1,  there  is  no  transition  to  a 
spinel-like  structure  cycling.  This  results  in  an  improved 
specific  capacity  retention  of  about  81%  of  initial  capacity 
even  after  30  cycles.  This  performance  is  confirmed  by 
differential  capacity  plots  and  X-ray  absorption  spectra. 
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